[1] A large set of radiosoundings was analyzed to study the dependence of Rayleighscattering optical depth (ROD) on pressure and temperature features of the polar clear-sky atmosphere. This set consists of 1320 radiosoundings, launched throughout the year at six Arctic sites, and of 940 radiosoundings launched at five Antarctic sites. The vertical profiles of pressure, temperature, and relative humidity given by these radiosoundings were corrected for lag errors and dry biases and then completed up to 120 km altitude, using COSPAR International Reference Atmosphere (CIRA) monthly vertical profiles of pressure and temperature, water vapor mixing ratio data derived from various satellite observations, and standard CO 2 vertical profile relative to 2007, when the ground-level concentration was 380 ppmv. Calculations of the volume Rayleigh-scattering coefficient were made for all the radiosoundings to study its seasonal variations with height due to pressure and temperature changes occurring in the troposphere and stratosphere. It was found that the surface-level pressure and temperature conditions can account to a large extent for these seasonal effects. Therefore, average spectral evaluations of ROD were made at 88 selected wavelengths from 0.20 to 4.0 mm for all the radiosoundings, subdivided into eight latitude/altitude site classes, representing 70°N, 75°N, 80°N, 70°S, 75°S, 80°S, and 90°S latitudes, for which the average ground values of air pressure p a and air temperature T a were defined. The dependence of ROD on the daily ground-level values of air pressure p o and air temperature T o measured at each site can be accounted for by using an algorithm in which the pressure dependence is given with good approximation by ratio (p o /p a ), and the temperature linear dependence is expressed by the difference (T a À T o ) multiplied by a spectral slope coefficient k(l) which varies by site classification. This algorithm was estimated to provide values of ROD with accuracy within ±0.5% at the six sea-level Arctic sites, ±0.5% at the three Antarctic coastal sites, and ±0.7% at the two Antarctic Plateau sites (Dome C and South Pole). When used to analyze the Sun photometer measurements, the present evaluations of ROD are estimated to provide aerosol optical depth values at visible wavelengths with relative errors of 1%-2% at the Arctic sites, 1%-4% at the coastal Antarctic sites, and 3%-13% at the Antarctic Plateau sites, for background aerosol extinction conditions.
Introduction
[2] Surface-level aerosol mass concentration is, in general, very low in the polar regions for clean air conditions, with monthly mean values smaller than 10 mg m À3 at Arctic sites [Quinn et al., 2002; Ström et al., 2003 ], equal to a few mg m
À3
at the Antarctic coastal sites [Minikin et al., 1998; Teinilä et al., 2000] , and appreciably lower than 1 mg m À3 at the highaltitude sites on the Antarctic Plateau [Bodhaine, 1996; Piel et al., 2006] . In both regions, the aerosol particles sampled at coastal sites were found to consist mainly of small marine particles, of high concentration, and, to a lesser extent, sea salt particles and mineral dust. Along the Antarctic coasts, the coarse particle modes were found to contribute moderately to the overall mass concentration, which includes negligible contents of soot particles [Shaw, 1988; Wolff and Cachier, 1998; Quinn et al., 2002; Ström et al., 2003; Sharma et al., 2006] . Conversely, the aerosols sampled at the Antarctic Plateau sites consist mainly of fine non-sea-salt (nss) sulfate particles, originated through subsidence processes from the free troposphere that are usually associated with long-range transport from the oceanic regions [Hogan et al., 1979; Bigg, 1980; de Mora et al., 1997] .
[3] Correspondingly, very low background values of aerosol optical depth (AOD) at visible wavelengths are generally measured at the polar sites [Shaw, 1982; Stone, 2002] , producing relatively weak features of incoming direct solar irradiance attenuation. Multispectral Sun photometer measurements performed at the Arctic stations of Barrow (Alaska), Alert (Nunavut, Canada), Summit (Greenland), Ny Å lesund (Svalbard), ALOMAR (Norway), Sodankilä (Finland), Vaida Bay (Barents Sea), Severnaya Zemlya (Siberia), Dikson Island (Siberia), and Kotel'ny Island (Siberia) were found to yield average daily values of AOD(500 nm) in the range 0.03 -0.10 during summer months, for background conditions of atmospheric turbidity Herber et al., 1996 Herber et al., , 2002 Nagel et al., 1998; Stone, 2002; Myhre et al., 2006; Toledano et al., 2006; Aaltonen et al., 2006; Tomasi et al., 2007] , giving values of the Å ngström [1964] exponent a varying in general between 0.5 and 2.0 [Vitale and Radionov, 2005; Tomasi et al., 2007] . In Antarctica, at the coastal and low-altitude sites of Terra Nova Bay, Neumayer, Mirny, Syowa, and Aboa, the daily mean values of AOD(500 nm) were found to vary between 0.01 and 0.06 [Tomasi et al., 1989 [Tomasi et al., , 1991 Vitale and Tomasi, 1990; Herber et al., 1993; Radionov, 1994; Radionov et al., 1994 Radionov et al., , 2002 Virkkula et al., 2000; Di Carmine et al., 2005] , with values of a in the range 0.40-1.80. Lower values of AOD(500 nm) were determined at the high-altitude sites of Kohnen, Dome C, and South Pole [Stone, 2002; Six et al., 2005] , varying most frequently between 0.005 and 0.03, with values of a generally higher than 1.2 and sometimes exceeding 2.0 in cases where the aerosol loading consists predominantly of small-size nss sulfate particles.
[4] Thus, molecular scattering is the dominant mechanism leading to atmospheric extinction of solar radiation in the cloudless polar atmosphere. That is, Rayleigh-scattering optical depth (ROD) is usually greater than AOD at visible and near-infrared (IR) wavelengths at high latitudes for clean background conditions. This is the case in the absence of Arctic haze [Shaw, 1983; Bodhaine and Dutton, 1993] , boreal smoke from forest fires [Forster et al., 2001; Damoah et al., 2004; Stohl et al., 2006] , and Asian dust [Stone et al., 2005] that is transported from low latitudes, or incursions of volcanic aerosols at stratospheric levels [Dutton and Christy, 1992; Stone et al., 1993; Herber et al., 1996] . Reliable calculations of ROD have been performed at several wavelengths, from the ultraviolet (UV) to the near-IR, in the recent years, (1) using realistic physical models to describe the interactions of incoming radiation with air molecules along the atmospheric vertical path [Bucholtz, 1995; Bodhaine et al., 1999; Tomasi et al., 2005] , and (2) for the U.S. standard atmosphere model and the supplementary standard atmosphere models defined for different seasons and latitudes [Anderson et al., 1986] . Among these supplementary models, the subarctic summer (July, 60°N) model represents the most similar conditions to those taking place at Arctic sites in the summer months, giving values of ROD which decrease by more than 2 orders of magnitude, from 1.212 to 0.0086, as the wavelength increases from 0.30 to 1.00 mm . Such a model provides values of ROD, which are considerably greater than those of AOD measured at Arctic sites, throughout the UV and visible spectral range, and comparable with those of AOD at the near-IR wavelengths, for clean air atmospheric conditions.
[5] The calculations of the spectral values of sea-level volume Rayleigh-scattering coefficient b(l, 0) at wavelength l, made by Tomasi et al. [2005] for the six standard atmosphere models, indicate that this parameter varies appreciably as a function of temperature. In fact, it decreases by about 9% at 45°N latitude, as the surface temperature T o increases from 272.2 to 294.2 K, and by 12% at 60°N latitude, as T o increases from 257.2 to 287.2 K. These evaluations indicate that ROD should vary appreciably throughout the year also at the Arctic and Antarctic sites, where the atmospheric temperature is subject to significant seasonal changes.
[6] Following the Sun photometry method, the values of total atmospheric optical depth are obtained from Sun photometer measurements of direct solar irradiance by applying the Lambert-Beer law [Shaw, 1976] to each monochromatic signal measured at the surface. The values of AOD are then calculated at each wavelength as the difference between the total atmospheric optical depth and the sum of the optical depth contributions due to gaseous absorption (water vapor, ozone, nitrogen dioxide, and oxygen dimer) and Rayleigh-scattering (ROD) . Considering that the spectral values of ROD are in general considerably greater than those of AOD for clean air conditions of the polar atmospheres, a relatively small error in determining ROD can lead to a larger error in evaluating AOD at all visible and near-IR wavelengths.
[7] Given this level of uncertainty, a detailed analysis of the sensitivity of ROD to variations in atmospheric structure is warranted. Values of ROD were computed using the algorithm of Tomasi et al. [2005] for realistic vertical profiles of air pressure, temperature, and moisture measured at Arctic and Antarctic sites during the annual cycle. These calculations are presented here at wavelengths ranging from 0.20 to 4.00 mm, for their use in the analysis of multispectral Sun photometer measurements and evaluation of AOD, examination of the ground-based measurements of UV solar radiation [Petkov et al., 2006] , retrieval of AOD from satellite data [von Hoyningen-Huene et al., 2003] , and more generally for studying the radiative transfer processes occurring in the polar atmosphere [Tanaka et al., 1986; Solomon et al., 1987; Larsen et al., 1994] .
Dependence of the Volume Rayleigh-Scattering Coefficient on Wavelength and Meteorological Parameters
[8] A composite algorithm was determined by to evaluate the effects exerted on the Rayleighscattering coefficient by (1) moist air refractive index and its dependence on wavelength, air pressure, temperature, water vapor partial pressure, and CO 2 volume concentration and (2) depolarization, represented in terms of the King factor, which depends on the molecular concentrations of the main gaseous constituents of air (N 2 , O 2 , Ar, and CO 2 ) and water vapor partial pressure. Using this algorithm, it is possible to obtain realistic evaluations of the monochromatic volume Rayleigh-scattering coefficient b(l, z) at the various heights, from which calculations of Rayleigh-scattering optical depth ROD(l) are obtained at each wavelength l by integrating b(l, z) along the vertical path of the atmosphere, from the sea level to the top-of-the-atmosphere (TOA) level z 1 which here is assumed to be 120 km, as in standard atmosphere models [Anderson et al., 1986] . These aspects are examined in this section.
Dependence of the Volume Rayleigh-Scattering Coefficient on Wavelength
[9] Coefficient b(l, z) gives the measure of total molecular scattering in cloudless air at height z. It is calculated as the product of the molecular number density N(z) of air at height z by the total Rayleigh-scattering cross section s(l, z) per molecule, where (1) N(z) varies as a function of total air pressure p(z) and air temperature T(z) and (2) s(l, z) is evaluated according to the classical equation adopted by Bodhaine et al. [1999] for incident unpolarized (natural) radiation, expressed as a function of monochromatic refractive index n(l, z) of moist air, monochromatic King factor F(l, z) for the depolarization of air, and number density N(z).
[10] In the algorithm proposed by Tomasi et al. [2005] , the refractive index n(l, z) is calculated as a function of wavelength, air pressure, temperature, water vapor partial pressure e(z), and CO 2 volume concentration C(z), all of which vary as a function of height according to results achieved from both theoretical and experimental studies on air refractive index [Dalgarno and Kingston, 1960; Edlén, 1966; Owens, 1967; Peck and Reeder, 1972; Bideau-Mehu et al., 1973] . The details of the improved algorithm proposed by Ciddor [1996 Ciddor [ , 2002 , to account for the refractivity effects due to dry air containing CO 2 and water vapor, are carefully described by Tomasi et al. [2005] , who used also a new formula of the King [1923] depolarization factor F(l, z) based on a five-term equation in place of that most commonly available in the literature [Young, 1980; Bates, 1984] . It was deemed more accurate than those used previously because it describes more realistically the effects due to the dry air constituents (nitrogen, oxygen, and argon) and includes also two additional terms related to the atmospheric contents of CO 2 and water vapor.
[11] As mentioned above, the volume Rayleigh-scattering coefficient b(l, z) depends at each level z on wavelength l, because it is proportional to the cross section s(l, z) through a factor equal to N(z), and s(l, z) is a function of moist air refractive index n(l, z) and King factor F(l, z), both varying with wavelength. Calculations of b(l, z) were made at some wavelengths ranging from 0.2 to 4.0 mm, at the sea level of a polar atmosphere, presenting total air pressure p o = 980 hPa, temperature T o = 270 K, and relative humidity (RH) o = 40%. The results obtained at the various wavelengths indicate that b(l, z) decreases gradually as wavelength increases, according to the inverse power of wavelength defined by the Rayleigh-scattering theory [Penndorf, 1957; Bucholtz, 1995; Bodhaine et al., 1999] as follows:
where exponent e(l) assumes values gradually decreasing from 4.8509 to 4.0015 throughout the 0.21 -3.9 mm wavelength range, as can be seen in Figure 1 .
Dependence of the Volume Rayleigh-Scattering
Coefficient on Air Pressure, Temperature, and Moisture Parameters [12] Parameter b(l, z) depends on both total air pressure p(z) and air temperature T(z) because it is closely related to the molecular number density N(z), which is proportional to air pressure and the inverse of temperature, according to the well-known equation of state for air [Penndorf, 1957] . In addition, b(l, z) is influenced by the air moisture conditions, which can appreciably modify the refractive index of moist air [Ciddor, 1996 [Ciddor, , 2002 and the King factor . To define these dependence features, calculations of b(l, z) were performed at wavelengths equal to 0.30, 0.40, 0.50, 0.70, 1.00, and 4 .00 mm for the vertical profiles of p(z), T(z), and RH(z) determined using (1) the average 10 day data derived from the 12 year radiosounding measurement set taken at Terra Nova Bay in Antarctica, from October to February [Tomasi et al., 2004] , from the surface level up to 20 km height and (2) the subarctic summer (July, 60°N) model [Anderson et al., 1986] profiles throughout the height range from 20 to 120 km. The vertical profiles of b(l, z) were found to decrease as a function of height at all wavelengths, assuming values equal to (1) about 6% of b(l, 0) at the 20 km height and (2) lower than 0.4% of b(l, 0) at 40 km. These findings show very clearly that the main part of Rayleigh-scattering effects on solar radiation observed at polar sites takes place in the troposphere and the lower stratosphere, i.e., below 40 km. Calculations of ROD at the 0.50 mm wavelength, performed within the various regions of the atmosphere, indicate that an atmospheric contribution equal to 46.6% of the total atmospheric ROD is given by the lower tropospheric layer, between sea level and 5 km, with relative contributions of 27.2% due to the 5 -10 km layer, 20.7% due to the 10-20 km layer, 4.3% due to Figure 1 . Spectral dependence curve of the Rayleighscattering exponent e(l) in equation (1), with the slope coefficient gradually decreasing from 4.8509 to 4.0015 throughout the 0.21-3.9 mm wavelength range. the 20-30 km layer, 0.9% due to the 30-40 km layer, and 0.3% due only to the upper atmosphere. The above calculations show also that ratio b(l, z)/p(z) assumes rather stable values at the various heights, increasing from less than 1.7 Â 10 À5 km À1 hPa À1 at sea level to more than 2.2 Â 10 À5 km À1 hPa À1 at the tropopause level and decreasing gradually through the stratosphere until reaching a value lower than 1.8 Â 10 À5 km À1 hPa À1 at the stratopause ($50 km). These findings confirm the close dependence of b(l, z) on air pressure p(z) at all tropospheric and stratospheric levels of the polar atmosphere, with variations in the proportionality factor which are mainly related to air temperature.
[13] In order to investigate the dependence features of b(l, z) on temperature T for different values of p and RH, calculations of b(l, T, p, RH) were made at various wavelengths for values of T ranging between 200 and 300 K and the following pairs of p and RH values: (1) p = 980 hPa and RH = 50%, to simulate the sea-level air pressure and moisture conditions, (2) p = 500 hPa and RH = 30%, to represent the average meteorological conditions at the 5 km height, and (3) p = 240 hPa and RH = 20%, to represent the 10 km height conditions.
[14] The values of b(l) obtained at wavelength l = 0.50 mm for the three above-selected levels are given in Figure 2 over the 200-300 K temperature range, showing that b(0.50 mm) decreases by about 34% at all the tropospheric levels as T increases from 200 to 300 K. The results indicate that this coefficient varies with ambient temperature similarly at all tropospheric levels. In order to quantify this behavior, the percentage slope coefficient g of parameter b, expressed as the ratio (db/dT)/b, was calculated over the range 200 T 300 K for the three curves shown in Figure 2 . It was found that g varies from less than À0.50% K À1 at T = 200 K to À0.39% K À1 at T = 260 K. Coefficient g decreases gradually above 270 K, with differences of about 0.01% K À1 between 280 and 300 K. Therefore, differences in g are rarely observed in the polar atmospheres, only on warm summer days with T o > 280 K.
[15] To study the dependence of Rayleigh-scattering on air moisture, values of b(0.50 mm, 270 K) were calculated for pressure p = 980 hPa and relative humidity RH equal to 20%, 40%, and 60%. These values were found to increase by about 0.03% as RH decreases from 40% to 20% and decrease by 0.03% as RH increases from 40% to 60%, showing that changes in b(l) due to variations in RH are negligible for the normal range of humidity in polar regions. Calculations of b(0.50 mm, 270 K) were also made at p = 980 hPa and RH = 40% for two values of CO 2 volume concentration C, equal to 330 and 380 ppmv. This increase in C (observed over the last 50 years) leads to an increase in b(0.50 mm, 270 K) of no more than 0.006%, which is a totally negligible effect.
[16] The above results confirm that coefficient b(l, z) can vary significantly with air pressure and temperature, while the seasonal and daily changes in air moisture and CO 2 concentrations result in negligible variations. Considering these findings, it is useful to determine the variations of Rayleigh-scattering parameters as a function of p(z) and T(z) at Arctic and Antarctic sites on the basis of vertical profiles measured at different high-latitude locations and over the annual cycle. Our objective is to characterize the polar atmospheric profiles of these parameters and evaluate the sensitivity of ROD to the latitudinal and altitudinal variations that occur from season to season. To accomplish this, we have selected the following sites between 70°and 90°of latitude and from sea level to over 3000 m: (1) YCB Cambridge Bay and Resolute (Nunavut, Canada), Danmarkshavn (Greenland), Eureka and Alert (Northwest Territories, Canada), and Ny-Å lesund (Svalbard Islands) in the Arctic, and (2) Neumayer, Mario Zucchelli, McMurdo, Dome C, and South Pole in Antarctica.
Selection and Analysis of Radiosounding Measurements Obtained in Polar Regions
[17] Six multiyear sets of radiosounding measurements made at Arctic sites and five multiyear sets obtained at Antarctic sites were selected for determining the seasonally varying profiles of pressure, temperature, and humidity at polar latitudes. Five of the six Arctic data sets were downloaded from the World Meteorological Organization (WMO) database of the University of Wyoming (http:// weather.uwyo.edu/upperair/sounding.html). The sixth Arctic data set, for Ny-Å lesund, was provided by the Alfred Wegener Institut for Polar and Marine Research (AWI), Bremerhaven, Germany. These six Arctic data sets and the five selected to represent Antarctica are listed with pertinent descriptions in Table 1 .
Selection of Clear-Sky Radiosounding Data
[18] Wavelength-dependent evaluations of the Rayleighscattering parameter ROD(l) are made in order to correct measurements of total atmospheric optical depth for attenuation due to molecular scattering during clear-sky periods. Thus, only soundings made during cloudless periods are examined here. Selections were made on the basis of RH profiles, whereby any profile having RH ! 80% at one or more significant levels was discarded, with exception of South Pole, where the threshold was set at RH = 85% for Figure 2 . Values of Rayleigh-scattering coefficient b(0.50 mm) as a function of air temperature T throughout the 200 -300 K range, calculated at three tropospheric levels: curve 1 refers to the sea level, with p = 980 hPa and RH = 50%; curve 2 refers to 5 km altitude, with p = 500 hPa and RH = 30%; and curve 3 refers to 10 km altitude, with p = 240 hPa and RH = 20%. 3 -249.7 229.9 -247.7 231.7 -253.1 239.9 -262.5 249.3 -274.0 263.5 -287.6 276.4 -293.0 273.8 -290.6 260.5 -285.4 250.7 -277.0 238.9 -252.1 234.9 -251.7 Resolute 235.9 -250.7 226.1 -240.5 233.9 -256.9 238.9 -259. 4 -287.4 272.7 -283.4 255.3 -274.8 250.9 -269.9 239.7 -253.7 235.5 -258.5 Ny-Å lesund Table 2 for each month.
Correction of Radiosounding Data for Lag Errors and Dry Bias
[20] Each radiosounding downloaded from the Wyoming University database consists of values of p(h), T(h), and RH(h) measured typically at some 150 significant levels of geopotential height h in the troposphere and more than 400 levels in the stratosphere. The radiosoundings used at the Ny-Å lesund, Neumayer, and Mario Zucchelli stations provide measurements at some 300 significant levels in the troposphere and 500 levels in the stratosphere, while those carried out at the high-altitude stations of Dome C and South Pole provided data taken at more than 400 significant tropospheric levels and 1400 stratospheric levels.
[21] The vertical profiles of p(z) were determined for each radiosounding using the original air pressure data and the values of geometrical height z, derived from those of h through a correction factor depending on Earth's radius and sea-level acceleration gravity as a function of latitude. The temperature data given by the RS80A and RS80H radiosondes were corrected following (1) the procedure defined by Tomasi et al. [2006] on the basis of the Luers and Eskridge [1995] evaluations of various errors caused by heat lost and radiation exchanges between the Thermocap sensor and the surrounding environment. These data were subsequently corrected for the lag errors associated with the radiosonde balloon ascent rate, using the algorithm proposed by Tomasi et al. [2004] . In the analysis of the temperature data given by the RS90 and RS92 radiosondes, the lag errors were neglected, according to Luers [1997] .
[22] The measurements of RH were taken by Vaisala radiosondes equipped with various Humicap sensor models at numerous (at least 130) tropospheric levels and sometimes at some significant stratospheric levels. As pointed out by Wang et al. [2002] , the RH data provided by the Humicap sensors are usually affected by significant dry biases, due to temperature dependence, chemical contamination, basic calibration models, sensor aging, ground check, and sensor arm heating. These errors were all corrected adopting the Wang et al. [2002] criteria. The procedure was completed with further corrections of the dry bias due to solar heating [Turner et al., 2003; Miloshevich et al., 2006] and the lag errors studied by Miloshevich et al. [2004] , who proposed an appropriate correction procedure based on (1) a preliminary smoothing procedure, (2) a subsequent use of coefficients suitable for defining the most reliable time constants of the various humidity sensors, (3) the evaluation of corresponding lag correction terms, and (4) a final smoothing procedure of the RH vertical profile.
Seasonal Variations in the Vertical Profiles of Pressure and Temperature
[23] The vertical profiles of pressure p(z), temperature T(z), and relative humidity RH(z) were determined for each radiosounding from the ground level to the highest significant levels reached by the Barocap, Thermocap, and Humicap sensors of the Vaisala radiosondes, respectively. In general, pressure and temperature data have been obtained up to altitudes of 30 km, while reliable data of RH > 2% have been obtained up to about 10 km altitudes only.
[24] Eight monthly sets of vertical profiles of p(z) determined in January and July at Alert (in the Arctic) and Syowa, McMurdo, and South Pole (in Antarctica) are shown in Figure 3 , within the altitude range from the surface to stratospheric levels ranging between 20 and 40 km. It was decided to examine the radiosounding data measured at Syowa to compare the characteristics of the Antarctic atmosphere in January and July at 70°S latitude, since the radiosounding at Neumayer was performed only during the austral summer months. The two monthly data sets of pressure and temperature vertical profiles at Syowa were selected from a set of radiosounding measurements performed with the MEISEI RS2-91 radiosondes during the 4 year period from 2000 to 2003 and downloaded from the WMO database at the University of Wyoming. The comparison between the January and July profiles gives evidence of the opposite baric conditions of the upper troposphere and stratosphere during the local winter and summer periods. The vertical profiles observed at Alert in the winter months exhibit pressure values which start to appreciably diverge from those of July at altitudes !6 km and appear to be more variable in January than in July. On average, the January values were found to be lower than those observed in July, by 23% at 20 km and 28% at 30 km. At Syowa, the January values of air pressure determined up to altitudes of more than 30 km were found to be higher than those recorded in July by about 30% at 20 km and about twice those of July at 30 km. Comparable differences between the austral summer and winter conditions were found at McMurdo at the same tropospheric altitudes. The comparison between January and July data at McMurdo is incomplete because the vertical profiles of p(z) measured at this site in July are missing for altitudes >12 km due to adverse meteorological conditions aloft during the austral winter. At South Pole, the January values are appreciably higher than for July at all stratospheric levels, by about 50% at 20 km and by more than twice at 30 km. The atmosphere above 10 km contributes >26% to values of ROD. Therefore, the variations in the vertical profiles of p(z), shown in Figure 3 , indicate that marked decreases in Rayleigh scattering occur at all stratospheric levels when passing from summer to winter.
[25] The vertical profiles of T(z) obtained at Alert, Syowa, McMurdo, and South Pole for the same four monthly sets presented in Figure 3 are shown in Figure 4 to represent the temperature characteristics of the Arctic atmosphere at $80°N and those of the Antarctic atmosphere at $70°S, $80°S, and 90°S latitudes. The comparison shows that large seasonal variations in temperature take place within the troposphere and stratosphere when passing from winter to summer. Figure 4 also shows that the vertical profiles of T(z) are subject to large day-to-day variations at all tropospheric and stratospheric levels. The average values of T(z) measured at the four sites in January and July at the ground level and at some selected tropospheric and stratospheric altitudes are given in Table 3 , together with the corresponding values of the differences D JJ T(z), to give a measure of the average thermal excursions observed at various levels in January and July. There is a strong increase in the heating of the troposphere in both the Arctic and Antarctic atmospheres when passing from local winter to summer. Table 3 also lists estimates of the monthly difference d T between maximum and minimum temperatures observed at some tropospheric and stratospheric levels in January and July. Values of d T vary between 8 K and 27 K in the troposphere and between 2 K and more than 43 K in the lower stratosphere. Given that the volume Rayleigh-scattering coefficient decreases by 34% (Figure 2 ) as the temperature increases from 200 to 300 K, such marked changes in T(z) occurring in the atmosphere are expected to cause variations of several percent in ROD, from one month to another, and even from day to day in some instances.
Evaluations of Pressure Effects
[26] The vertical profiles of b(0.50 mm, z) were calculated with the Tomasi et al. [2005] algorithm for the vertical , in large part due to the variations in pressure that occur at stratospheric levels. Parameter b(0.50 mm, z) decreases with altitude by more than 2 orders of magnitude from the surface to 30 km in accordance with the vertical gradient of pressure. The January profiles at Alert are more variable than during July in correlation with features of air pressure shown in Figure 3 . Similarly, the January South Pole profiles have higher values than during July, giving further evidence that air pressure is the most important variable influencing Rayleigh scattering.
[27] The analysis of air pressure data obtained using the Barocap sensor at the ground level and at altitudes of 5, 10, and 20 km on selected days at the 11 polar stations indicated that the ground-level pressure p o varies throughout the year between (1) about 985 and more than 1040 hPa at the Arctic stations, (2) about 950 and 1025 hPa at the coastal Antarctic sites, and (3) 620 and more than 700 hPa at the two Antarctic Plateau stations, with the annual extremes and average values of pressure given in Table 4 . The time patterns of p o at the Arctic sites are rather stable throughout the year, while those measured at the upper levels exhibit a marked maximum in summer. The values of p o at the coastal Antarctic stations are also stable during the year, whereas the pressure values at 5 km describe a broad minimum during the austral winter. Values of p(z) at 10 and 20 km exhibit less variability from January to March and are highly variable from October to December. Data for April -September at all stratospheric levels are lacking because of the failure of balloons entering extreme conditions within the Antarctic vortex during that period. Surface pressure p o at the two high-altitude Antarctic sites varies within ±20 hPa throughout the year, while pressure values at 5, 10, and 20 km levels tend to reach broad minima, particularly during the austral winter. These results suggest that variations in p o may be useful in quantifying the sensitivity of ROD to changes in the vertical structure of the atmosphere that occur spatially and temporally at polar sites. However, the lack of stratospheric data for the Antarctic sites during winter prohibits a thorough evaluation of influences above 20 km. To overcome this limitation, we use the available standard vertical profiles of CIRA (COSPAR International Reference Atmosphere 1986, 0 -120 km), which include profiles of pressure and temperature for 70°N, 80°N, 70°S, and 80°S latitudes over the 20-120 km altitude range (see the Web site http://badc.nerc.ac. uk/data/cira/).
Evaluations of Temperature Effects
[28] In order to assess the temperature effects on the Rayleigh-scattering coefficient, the vertical profiles of ratio b(0.50 mm, z) between coefficient b(0.50 mm, z) and p(z) are presented in Figure 6 for the January and July soundings from Alert and South Pole, assuming RH = 1% at all levels Figure 5 . Vertical profiles of volume Rayleigh-scattering coefficient b(0.50 mm, z) calculated using the algorithm of Tomasi et al. [2005] for the January (gray) and July (black) monthly sets of 20 selected radiosoundings at (left) Alert and (right) South Pole.
above 10 km. Through such a normalization, the pressure effects on Rayleigh scattering are effectively removed, revealing effect solely because of changes in temperature. Figure 6 shows that decreases in temperature at Alert from July to January lead to increases in b(0.50 mm, z) by more than 10% at the surface and within the troposphere, with greater variations in the stratosphere. At South Pole, the January to July temperature variations are estimated to produce relative changes of 10% within the troposphere, but increasing effects at higher altitudes and exceeding 30% above 15 km.
[29] The analysis of air temperature data measured by the Thermocap sensor at the surface and at the 5, 10, and 20 km levels on selected days at the Arctic and Antarctic sites indicated that the ground-level values of T o varied between (1) 225 K and more than 290 K in the Arctic, (2) 232 and 282 K at the coastal sites in Antarctica, and (3) 195 and 252 K on the Antarctic Plateau, with statistical information given in Table 4 . The annual range in T o observed at the Arctic sites was nearly 70 K, and the annual average temperature (at the six locations examined) was about 260 K. The range in T o at the Antarctic coastal stations was about 50 K, with annual mean close to 260 K. Annual variations of about 56 K and 52 K characterize Dome C and South Pole (90°S), respectively. More precisely, the values of T o at the Arctic sites were found to exhibit a marked maximum during the boreal summer, peaking at around 280 K. A maximum also occurs at 5 km and another less pronounced one is evident at 10 km. At 20 km, a distinct maximum is observed from May to October. Given the similarities at all levels, it appears that T o may be useful for parameterizing temperature effects on ROD through the vertical column of the Arctic atmosphere.
[30] The Antarctic coastal data reveal temperature minima in July and August, and similar features at 5 and 10 km. At the 20 km altitude, temperatures from October through December vary between 190 and 250 K. Such a wide range suggests that different heat exchange processes take place within the vortex from year to year. Considering the scarcity of observational data obtained from soundings at high altitudes, from April to September, it was decided to use the CIRA standard profiles for estimating ROD during the austral winter months. At Dome C and South Pole, values of T o are very low during the austral winter, while similar but less pronounced features characterize the upper levels, which have marked minima at both 10 and 20 km.
Evaluations of Relative Humidity Effects
[31] The vertical profiles of RH selected in section 3.2 for the various monthly sets were found to vary largely with altitude at the 11 selected polar sites. The moisture input inserted into the algorithm of Tomasi et al. [2005] used to calculate the scattering parameters is expressed in terms of water vapor partial pressure, which varies as a function of temperature and RH. To evaluate the effects of variable RH within the troposphere, in the 10 -70%, range, a comparison is shown in Figure 7 between the vertical profiles of parameter B 1 (l, z) at wavelength l = 0.50 mm, determined at McMurdo for January and July. Parameter B 1 (0.50 mm, z) is given by the ratio where the volume Rayleigh-scattering coefficient b(0.50 mm, z) is calculated for the vertical profiles of pressure and temperature measured at McMurdo, as shown in Figures 3  and 4 , respectively, in which RH = 10% at all levels in the numerator and RH = 70% at all levels in the denominator. The ratio B 1 (0.50 mm, z) is more variable in the lower troposphere than above 5 km. At the ground level, variations are within ±0.05% for summer conditions (January) and within ±0.01% during winter (July). The comparison in Figure 7 shows clearly that even large variations in RH result in negligible changes in volume Rayleigh-scattering coefficient at tropospheric levels.
Determination of Vertical Profiles of Pressure, Temperature, and RH in Polar Atmospheres
[32] The values presented in Figures 5 and 6 show that the seasonal variations in p(z) and T(z) cause significant changes in b(0.50 mm, z), which are proportional to pressure and inversely proportional to air temperature at all levels. In order to compute accurate values of ROD(l) using the algorithm of Tomasi et al. [2005] , vertical profiles of p(z), T(z), and RH(z) from the surface to 50 km altitude are needed. To satisfy this requirement, we merged the measured soundings up to 20 km with the upper-level profiles taken from the CIRA standard atmospheres given for 70°N, 80°N, 70°S, and 80°S latitudes, thus providing complete profiles for all locations and months for subsequent analyses. The main characteristics of the CIRA monthly mean vertical profiles of p(z) and T(z) are shown in Figures 8a and 9a , respectively. Supplemental monthly mean vertical profiles of p(z) and T(z) relative to the 75°N, 75°S, and 90°S latitudes were determined through some simple averaging and extrapolation procedures applied to the original CIRA profiles. They are shown in Figures 8b and 9b, wherein (1) those at 75°N latitude were calculated by averaging for each month the pair of CIRA monthly mean vertical profiles at the 70°N and 80°N latitudes and then used to complete the monthly mean vertical profiles derived from the radiosoundings of Resolute and Danmarkshavn; (2) those at 75°S were calculated by averaging for each month the pair of CIRA monthly mean vertical profiles shown in Figure 9a for the 70°S and 80°S latitudes, and then used to complete the monthly mean vertical profiles obtained from the radiosoundings made at the Mario Zucchelli and Dome C stations; and (3) the monthly mean vertical profiles at 90°S latitude were obtained for each month through extrapolation to the South Pole latitude of the data given by the CIRA monthly vertical profiles at the 70°S and 80°S latitudes and used for integrating the vertical profiles measured with the radiosondes at South Pole. The vertical profiles of p(z) shown in Figures 8a and 8b present marked month-to-month variations in the altitude range from 20 to 85 km above some Arctic and Antarctic sites. Considering that the atmospheric column above 40 km contributes, on average, only about 0.3% to ROD, the effects of seasonal variations in p(z) at high altitudes are negligible.
[33] All the vertical profiles of T(z) shown in Figures 9a and 9b exhibit considerable month-to-month variations, which are especially large between 20 and 60 km and from 70 to 100 km. As was evidenced in Figure 6 , temperature effects on ROD at stratospheric levels, 15-30 km, cannot be neglected. In general, the atmospheric layer from 20 to 40 km contributes about 5% to the total value of ROD at polar latitudes. The effects of temperature variations at even higher altitudes are insignificant.
[34] The virtue in merging observational data with the CIRA model profiles of temperature is illustrated in Figure 10 for a selection of months. We found good agreement for the overlapping levels, which suggests that the CIRA profiles of T(z) can be used to evaluate ROD at all stratospheric and mesospheric levels, where data are lacking.
[35] As explained in section 2.2, moisture effects on the Rayleigh-scattering coefficient are negligible at all wavelengths. However, in order to complete the radiosounding database, to include the monthly mean vertical profiles of water vapor mixing ratio Q(z), remote sensing and satellite observations in the polar regions, above 8 km, were assimilated, noting that RH data measured by the Humicap sensors mounted on the radiosondes are reliable only below 8 -10 km [Wang et al., 2002; Turner et al., 2003; Miloshevich et al., 2004 Miloshevich et al., , 2006 Tomasi et al., 2004 Tomasi et al., , 2006 . Monthly mean vertical profiles of Q(z) were calculated for altitudes above 8 km for the 70°N-80°N and 70°S-80°S zones and for 90°S (South Pole) by examining the water vapor mixing ratio measurements performed with different techniques in the Arctic and Antarctica and at South Pole.
[36] The moisture data in the Arctic region were derived from stratospheric measurements made during (1) the Limb Infrared Monitor of the Stratosphere Experiment (LIMSE) retrieved using the Nimbus 7 satellite [Russell et al., 1984] , (2) the Halogen Occultation Experiment (HALOE) made with a solar occultation limb infrared sounder onboard the UARS satellite [Harries et al., 1996] , and the HALOE observations recorded from 1991 to 2000 [Randel et al., 2001] , (3) the experiment made with the Microwave Limb Sounder onboard the Upper Atmosphere Research Satellite (UARS) platform [Lahoz et al., 1996] , (4) the Stratospheric Aerosol and Gas Experiment (SAGE II) onboard the Earth Radiation Budget Satellite (ERBS) [Chiou et al., 1997] over more than 5 years, (5) the experiment made with the Airborne Millimeter-and Submillimeter-Wave Observing System (AMSWOS) onboard the Learjet of the Swiss Air Force [Peter, 1998 ], (6) an Arctic campaign at Ny Å lesund, performed using balloon-borne frost point hygrometers [Müller et al., 2003a [Müller et al., , 2003b , and (7) a campaign carried out in 1992 and 1993, in which data from the Microwave Limb Sounder [Morrey and Harwood, 1998 ] were analyzed.
[37] In Antarctica, the water vapor mixing ratio measurements were derived from (1) LIMSE [Russell et al., 1984] , (2) HALOE [Harries et al., 1996; Randel et al., 2001] , (3) the UARS experiment using the Microwave Limb Sounder [Lahoz et al., 1996] , (4) the SAGE II experiment [Chiou et al., 1997; Rind et al., 1993] , (5) the AMSWOS experiment [Peter, 1998 ], and (6) the Microwave Limb Sounder campaign in winter months of 1992 [Morrey and Harwood, 1998 ]. The South Pole measurements of water vapor mixing ratio were obtained from (1) frost point sounding observations [Rosen et al., 1991] and (2) ground- based lidar measurements [Fiocco et al., 1996; Cacciani et al., 1997] . As shown in Figure 11 , the vertical profiles of Q(z) obtained from the above satellite and remote-sensing experiments cover mainly the altitude range from 8 to 40 km and, in some cases, reach altitudes above 60 km. These profiles were completed by combining them with the vertical profile of Q(z) defined in the subarctic winter and summer standard atmosphere models [Anderson et al., 1986] shown in Figure 11 for altitudes above 30 km. Finally, in order to account for CO 2 effects on ROD, our models assume molecular concentration C(z) of CO 2 equal to 380 ppmv from the surface to 75 km, according to the surface-level measurements of CO 2 concentration (Appendix A) obtained at various Arctic and Antarctic stations and the vertical distribution features adopted by Anderson et al. [1986] , with monotonically decreasing values above, to reach a value equal to 40 ppmv at 120 km.
An Algorithm to Compute the RayleighScattering Optical Depth as a Function of Surface Temperature at Polar Latitudes
[38] Calculations of ROD(l) were performed at 88 wavelengths from 0.20 to 4 mm using the algorithm of for the sets of vertical profiles of p(z), T(z), and RH(z) obtained above, assuming (1) the monthly mean vertical profiles of p(z) and T(z) given by the CIRA models, (2) the monthly mean vertical profiles of RH(z) derived from the monthly vertical profiles of water vapor mixing ratio Q(z) shown in Figure 11 , and (3) the vertical profiles of RH(z) defined in the subarctic summer and subarctic winter models [Anderson et al., 1986] in the upper part of the atmosphere. The calculations were made for eight radiosounding data sets, of which (1) four correspond to YCB Cambridge Bay ($70°N), McMurdo ($80°S), Dome C ($75°S), and South Pole (90°S) stations, each consisting of 240 radiosoundings, (2) one consists of 480 radiosoundings obtained at Resolute and Danmarkshavn stations (both at latitudes close to 75°N), (3) one consists of 600 radiosoundings assimilated from Eureka, Alert, and Ny-Å lesund stations (all at latitudes close to 80°N), (4) one consists of 120 radiosoundings obtained at Neumayer ($70°S), and (5) one consists of 100 radiosoundings carried out at the Mario Zucchelli ($75°S) station.
[39] Table 4 lists the 4 year averages of surface pressure p a and temperature T a at the various locales selected above. Using the value of surface pressure p o relative to each radiosounding, all the values of ROD obtained for the integrated vertical profiles of p(z), T(z), and RH(z) were multiplied by ratio (p a /p o ) to obtain values of ROD normalized to the aforementioned average values of p a . These mean values of ROD(l) calculated for each wavelength, 0.20 to 4.0 mm, and each of the locales are listed in Table 5 .
[40] To corroborate our results, the values of ROD(0.50 mm, p a , T a ) given in Table 5 were normalized to the surface-level standard pressure p s = 1013.25 hPa, by multiplying them by p s /p a , and were then compared with values of ROD(0.50 mm, p s , T s ) reported by other investigators [Bucholtz, 1995; Bodhaine et al., 1999; Tomasi et al., 2005] for some atmospheric models defined at 45°N and 60°N [Anderson et al., 1986] . The corresponding ratios between the present mean values of ROD(0.50 mm) in Table 5 and those given by the abovementioned authors (all normalized to p s = 1013.25 hPa) are given in Table 6 . They indicate that the present evaluations of ROD at the 0.50 mm wavelength differ from (1) those calculated by Bucholtz [1995] for the subarctic summer 60°N and subarctic winter 60°N models by percentages between À0.16% and +0.48%; (2) those calculated by Bodhaine et al. [1999] for the 45°N sea-level atmosphere above Mauna Loa (Hawaii) by percentages between À0.13% and +0.23%; and (3) those calculated by Tomasi et al. [2005] between À0.08% and +0.64%. These differences turn out to be comparable with the relative variations of ROD due to the differences in the vertical profiles of pressure estimated by Bréon [1998] to give variations in ROD of no more than 0.5% on passing from one standard atmosphere model to another. The substantial agreement in Table 6 between the results obtained for polar atmospheres and those for standard atmospheres arises from the fact that the polar calculations of ROD were made for annual average pressure and temperature conditions of the polar atmosphere, which differ significantly from those of the standard atmospheres within the lower part of the troposphere. The values of ROD(0.50 mm) normalized by p a are shown in Figure 12 as a function of T o separately for Figure 9a . Monthly mean vertical profiles of temperature T(z) given by the CIRA atmospheric models in the altitude range from 20 to 120 km, at 70°N, 80°N, 70°S, and 80°S latitudes.
each of the eight locales defined in Table 5 . Results reveal very small discrepancies for given values of T o . The scatter, defined as three standard deviations divided by the yearly average, is within ±0.4% at 70°N and 80°N, ±0.5% at 75°N, ±0.3% at 70°S, ±0.5% at 75°S, ±0.8% at 80°S, and ±1.0% at Dome C (75°S) and ±1.4% at South Pole (90°S).
[41] The regression lines exhibit the positive slope coefficient c(l) at all the Arctic stations and at the Mario Zucchelli and McMurdo stations in Antarctica. Conversely, negative values of c(l) were found at Neumayer ($70°S) and the two Antarctic Plateau sites. Table 7 presents the values of the relative slope coefficient k(l) determined per unit value of ROD(l) at wavelengths of 0.20, 0.25, 0.30, 0.50, 1.00, 2.00, 3.00, and 4.00 mm, where k(l) is obtained by dividing c(l) by the corresponding values of ROD(l, p a , T a ). The values of k(l) are similar at each location and decrease by <1% over the spectral range.
[42] As noted in Table 4 , the annual range of T o considered for the calculations of ROD(0.50 mm) at the Arctic sites varied between 63 and 68 K and, hence, was larger than those observed in Antarctica: $48 K at McMurdo, $57 K at Dome C, and $51 K at South Pole. Conversely, the annual range of temperature at 20 km was 21-28 K only at the Arctic sites, from winter to summer, and $50 K at McMurdo, $45 K at Dome C, and $31 K at South Pole. The existence of intense surface-based temperature inversions at the South Pole and Dome C sites does not satisfactorily explain the observed decrease in ROD(l) as T o increases from its winter minimum to summer maximum. Figure 12 and of k(l) in Table 7 , found at Dome C and South Pole throughout the year, is that temperature increases dramatically from local winter to summer throughout the stratosphere, which contributes about 26% to the whole columnar value of ROD(l). The magnitude of annual stratospheric temperature variations is twice as large at the coastal sites of Antarctica and 1.8 times greater over the Antarctic Plateau than in the Arctic. The intense warming of the stratosphere from winter to summer causes a marked decrease in the number density of air molecules at all stratospheric levels. Thus, as evidenced in Figure 7 , the volume Rayleigh-scattering coefficient per unit air pressure b(l) diminishes in the stratosphere when passing from winter to summer by as much as 25% in Antarctica, while the relative decrease at the Arctic sites is only about 13%. This phenomenon underlies the gradual changes in ROD(l), particularly marked at the Antarctic Plateau sites, and is responsible for the gradual decrease in ROD(l) associated with variations in T o observed at Dome C and South Pole over the annual cycle. This leads to negative values of k(l) in Figure 12 , with regression coefficients equal to À0.30 at Dome C and À0.61 at South Pole. At McMurdo, the tropospheric contribution to ROD(l) is more important than at the Antarctic Plateau sites and, hence, the stratospheric warming effects occurring in summer are relatively less important. Thus, because of the more marked predominance of the tropospheric contribution over the stratospheric one, a positive value of k(l) was found, with a regression coeffi- cient of +0.45. The calculations of k(l) at the Neumayer (October -March) and Mario Zucchelli (October -February) stations were made over two more limited ranges of T o , equal to 35 K and 31 K, respectively (while those at the Antarctic Plateau sites were 57 K at Dome C and 52 K at South Pole) and for stratospheric temperature variations during the austral summer of no more than 22-25 K and, hence, for less marked variations in the Rayleigh-scattering contributions given by the stratosphere to ROD(l). This implies that the Neumayer data plotted in Figure 12 over such a narrow range of T o provide a negative and relatively low value of k(l), associated with a rather low regression coefficient (equal to À0.25), this result being presumably more due to the large dispersion of data over a very limited range of T o rather than to the relevance of the stratospheric effects in contrast to the tropospheric ones. Conversely, the positive value of k(l) determined at the Mario Zucchelli station with a regression coefficient of +0.56 agrees very well with that found at McMurdo, probably owing to the closer dispersion features of its scatterplot to those of McMurdo.
A plausible explanation for the negative values of c(l) in
[43] The analysis of the time patterns of pressure and temperature at ground level and 5, 10, and 20 km altitudes, made in sections 4.1 and 4.2, respectively, suggests that surface pressure p o and temperature T o can conveniently be used to evaluate the dependence of ROD(l) on these variables because the vertical profiles of both quantities vary seasonally at all the Arctic and Antarctic sites. On the basis of the results shown in Figure 12 and slope coefficients k(l) given in Table 7 , the values of ROD(l) (in Table 5 ) can be used to parameterize ROD as a function of measured surface air pressure p o and temperature T o observed at the respective stations. The algorithm assumes the following form:
where ROD(l, p a , T a ) is the Rayleigh-scattering optical depth calculated at wavelength l for sites listed in Table 5 for the average values of p a and T a given in Table 4 ; p o is the ground-level air pressure; T o is the ground-level air temperature; and k(l) is the relative coefficient defining the linear temperature dependence of ROD(l) on surface temperature T o , as given in Table 7 .
[44] For example, to calculate a value of ROD(l) at wavelength l = 0.55 mm, for p o = 975.0 hPa and T o = 280.0 K, relative to McMurdo station, one makes use of the value of ROD(0.55 mm, 988.8 hPa, 256.3 K) = 0.09471 found in Table 5 corresponding to the values of p a and T a given in Table 4 . Coefficient k(0.55 mm) in equation (3) is taken from Table 7 , interpolated linearly between values of k(l) given at 0.50 and 1.00 mm, i.e., k(0.55 mm) = 6.6745 Â 10 À5 K À1 . The value of ROD(0.55 mm, 988.8 hPa, 256.3 K) is multiplied by the ratio p o /p a = 975.0/988.8 = 0.9860 taking into account the surface pressure effect and then by the term in the square brackets in equation (3): in this case, [1 + 6.6745 10 À5 (256.3 À 280.0)] = 0.9984, which differs by 1.58% from the corresponding value given in Table 5 .
[45] The data given in Table 4 indicate that the groundlevel pressure p o varies during the year by about 6% in the Arctic and at the Antarctic coastal sites, and by 8% over the Antarctic Plateau, leading to comparable variations in ROD(l). Temperature T o varies within ±15% of the average T a at the Arctic sites and within ±14% in the Antarctic. If one combines variations of T o and k(l) from Table 7 , corrections in ROD can be made using equation (3) obtaining overall relative variations of +0.08% at 70°N, +0.05% at 75°N, +0.07% at 80°N, À0.06% at 70°S, +0.29% at 75°S and 80°S, and À0.38% at Dome C, and À0.69% at South Pole. Thus, relative to the overall scatter evident in Figure 12 , these temperature corrections explain only limited fractions of the day-to-day and seasonal variations in ROD changes equal to 10-25% at the Arctic sites, 20-60% at the Antarctic coastal sites, and 40-50% at Dome C and South Pole.
[46] The percentage errors associated with the day-to-day and season-to-season changes in the vertical profiles of pressure and temperature (as shown in Figures 3 and 4 , respectively, for pairs of monthly data sets taken in January and July at Arctic and Antarctic sites) can be estimated as differences between the overall variability of ROD(l) and the variability range shown by the values evaluated using equation (3) at respective sites. These differences give a measure of uncertainty (at the 3s level) attributable to dayto-day and seasonal variations in profiles of pressure and temperature. The expected relative errors in ROD(0.50 mm), after equation (3) is applied, are as follows.
[47] 1. In the Arctic, the relative error is ±0.3% to ±0.5%. These evaluations lead to corresponding uncertainties in ROD(0.50 mm) ranging between 0.0004 and 0.0007. Clean background values of AOD(0.50 mm) in the Arctic are typically in the range 0.04-0.10 [Tomasi et al., 2007] ; thus errors in ROD(0.50 mm) can lead to relative errors in AOD(0.50 mm) varying between less than 1% and 2%.
[48] 2. At Antarctic coastal sites, the relative error is ±0.2% to ±0.5%, leading to corresponding absolute errors of ROD(0.50 mm) between 0.0003 and 0.0007. For clean background conditions at the coast, AOD(0.50 mm) ranges between 0.02 and 0.08 [Tomasi et al., 2007] . Thus, errors in ROD(0.50 mm) can result in relative errors in AOD(0.50 mm) of between less than 1% and 4%.
[49] 3. On the Antarctic Plateau, the relative error is ±0.6% to ±0.7%, leading to errors in ROD(0.50 mm) close to 0.0006 for typical background conditions, in which AOD(0.50 mm) varies from 0.005 to 0.025 [Tomasi et al., 2007] , with relative errors ranging mainly between 3% and 13%.The above analysis demonstrates very clearly that computations of ROD(l) at high-altitude sites need to be done as accurately as possible in cases where AOD values are lower than 0.01, which are, in practice, comparable with the Sun photometer error in determining AOD, mainly owing to calibration inaccuracies. However, especially for extreme seasonal conditions of the atmosphere, further uncertainties in deriving values of AOD(l) over the entire range of wavelengths typically measured with the Sun photometers could be avoided by performing more precise calculations of ROD(l) using the local radiosounding data, together with monthly or seasonal mean atmospheric models at stratospheric levels.
[50] Table 5 lists the mean values of ROD(l) at 88 wavelengths, selected in regular steps of 0.01 mm from 0.20 to 0.80 mm, 0.02 mm from 0.80 to 1.00 mm, 0.1 mm from 1.0 to 2.0 mm, 0.2 mm from 2 to 3 mm, and 0.5 mm from 3 to 4 mm. However, the central wavelengths of the interference filters used in the various Sun photometers employed at the polar stations (see Table 8 ) do not coincide with those listed. The same can be said for retrievals of AOD(l) using satellite radiances. Channels of many sensors in use are listed in Table 9 which do not necessarily match those listed in Table 5 . Thus, values of ROD(l) suitable for Figure 11 . (left) Monthly mean vertical profiles of stratospheric water vapor mixing ratio Q(z) as obtained in the latitude range from 70°N to 80°N by averaging the monthly data derived at stratospheric altitudes from various sets of satellite measurements [Russell et al., 1984; Harries et al., 1996; Randel et al., 2001; Lahoz et al., 1996; Chiou et al., 1997; Peter, 1998 ], compared with the vertical profile of Q(z) (dashed curve) defined in the subarctic winter and summer standard atmosphere models [Anderson et al., 1986] . (middle) As in the left plot but for the 70°S-80°S latitude range and for various sets of satellite data [Russell et al., 1984; Harries et al., 1996; Randel et al., 2001; Lahoz et al., 1996; Chiou et al., 1997; Müller et al., 2003a Müller et al., , 2003b Morrey and Harwood, 1998 ]. (right) As in the left plot but for the 90°S latitude (South Pole) for various sets of satellite and lidar data [Rosen et al., 1991; Fiocco et al., 1996; Cacciani et al., 1997] . Sun photometer applications or satellite retrievals must be estimated using an interpolation scheme. This can be implemented using the listing of ROD(l) given in Table 5 .
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[51] For example, for wavelength l s between two consecutive wavelengths l j and l j+1 listed in Table 5 , ROD(l s ) can be calculated through bilogarithmic interpolation in l s between the values of ROD(l j ) and ROD(l j+1 ) and wavelengths l j and l j+1 . The inverse power law was shown in Figure 1 and defined in equation (1). Several tests validate this bilogarithmic interpolation procedure, made on the basis of the classification of sites listed in Table 4 for wavelengths selected in Table 7 . Values of ROD(l s ) int obtained through interpolation were compared with the corresponding values of ROD(l s ) calc , calculated using the atmospheric models defined for each site using the radiosoundings. The values of ratio R(l s ) between ROD(l s ) int and ROD(l s ) calc obtained at the nine selected wavelengths l s are given in Table 10 . Extreme values of R(l s ) are 1.00103 at 0.205 mm at South Pole and 0.99998 at 0.810 mm wavelength at Mario Zucchelli station. In general, R(l s ) is within ±0.03% of unity, evidence that the interpolation scheme works very well. In addition, Table 10 lists average values and standard deviations of e(l s ) obtained for the stations at selected wavelengths, within the respective intervals l j and l j+1 from Table 5 .
Calculation of the Volume Rayleigh-Scattering Coefficient at Lidar Wavelengths
[52] The calculations of volume Rayleigh-scattering coefficient b(l) made in section 2.2 for different conditions of air pressure and temperature can also be used in the analysis Mean values of Rayleigh-scattering optical depth ROD(0.50 mm) are given in Table 5 after normalization to the value of surface level pressure p s given in Table 4 Table 12 for standard surface conditions, p s = 1013.25 hPa and air temperature T s = 273 K. These values vary with altitude for differing profiles of p(z) and T(z) and to a lesser extent on water vapor partial pressure e(z) and CO 2 concentration C(z) . In reality, b(l) at each altitude is equal to the product of molecular number density N(z) and the Rayleigh-scattering cross section s(l, z), where N(z) depends on ambient pressure and temperature, proportional to the ratio p(z)/p s and inversely proportional to the ratio T(z)/T s [Penndorf, 1957; Bodhaine et al., 1999] . The Rayleigh-scattering cross section s(l, z) per molecule for incident unpolarized radiation depends not only on p(z) and T(z) but also on the refractive index n(l, z) of air and King [1923] factor F(l, z) for the depolarization of air.
[53] It is obvious from this brief account that functions describing the variations in b(l, z) can be very complicated and are therefore normally evaluated only for standard atmospheric models [Anderson et al., 1986] . In polar atmospheres, b(l, z) decreases as a function of altitude with features similar to those shown in Figure 2 . On this point, Figure 13 illustrates the dependence of b(0.523 mm) on air pressure p and temperature T for constant values of partial pressure e and concentration C. The relationships are nearly linear with air pressure and decreases in an exponential fashion with increasing temperature.
[54] As was noted in reference to Figure 5 , b(l, z) varies significantly with altitude in the polar atmosphere, depending on seasonal profiles of p(z) and T(z). In this regard, it is illuminating to examine the vertical profiles of ratio b(l, z)/ p(z) shown in Figure 6 , which presents results for January and July conditions at Alert and South Pole to emphasize the strong dependence of b(l, z) on the thermal structure of the atmosphere. It is clear that the best approach for examining lidar data is to account for the vertical profiles of b(l, z) as a function of p(z), T(z), and e(z) measured locally using radiosondes. Table 12 lists the monochromatic values of Rayleigh-scattering cross section s(l) at the lidar wavelengths given in Table 11 . This parameter varies as a 2, 335.3, 359.3, 401.3, 459.6, 505.9, 550.0, 671.3, 780.0, 865.2, 939.0, 1047.4 FISBAT [Tomasi et al., 1983 [Tomasi et al., ] 400.6, 441.5, 509.1, 549.8, 669.7, 879.5, 947.3, 1040 ASP-15WL [Tomasi et al., ] 320.9, 343.5, 369.0, 380.5, 413.0, 450.1, 500.2, 550.0, 610.1, 675.8, 778.8, 817.5, 863.0, 945.0, 1025 SP1A [Herber et al., 2002 [Herber et al., ] 375, 371, 380, 416, 443, 500, 532, 609, 675, 778, 864, 911, 947, 961, 1025 [Herber et al., , 1046 [Herber et al., , 1062 SP2H [Herber et al., 2002] 367, 380, 413, 441, 501, 531, 605, 673, 776, 862, 912, 949, 1023, 1045 STAR01 [Herber et al., 2002 [Herber et al., ] 390, 441, 501, 531, 605, 673, 776, 862, 949, 1045 GMD/NOAA ( SP01-A [Stone, 2002] 413, 500, 675, 865.
SP02 [Stone, 2002] 411, 500, 675, 862 (or 368, 610, 778, 1020) NIPR ( PFR (N29 and N32) [Wehrli, 2005] function of altitude dependent on p(z), T(z), e(z), and C(z) as described above, noting that the molecular backscattering coefficient b BS (l) is proportional to s(l) [Klett, 1985; Cairo et al., 1999] .
Conclusions
[55] The analysis of over 2200 radiosoundings representing 11 polar locations (six Arctic and five Antarctic) revealed large seasonal variations in the vertical profiles of both pressure and temperature. Spectral volume Rayleigh-scattering coefficients vary significantly with variable profiles of pressure and temperature, decreasing proportionally with pressure and increasing as temperature decreases with altitude (Figure 2) .
[56] As a result of these dependences, ROD(l) also varies appreciably with season at high latitudes. In order to determine ROD(l) accurately, monochromatic values were calculated for the vertical profiles of pressure, temperature, and moisture parameters representing eight polar regions (Table 5) relating to 4 year average values of surface pressure p a and temperature T a (Table 4) . For each region, the dependence of ROD on pressure and temperature was accounted for by employing a correction algorithm on the basis of equation (3), in which a pressure correction is made in terms of measured and annual average pressure (p o /p a ) and a temperature correction is made in terms of the difference between annual average and measured temperature (T a À T o ) on the basis of a family of spectral slope coefficients k(l) ( Table 7) . Despite large fluctuations of pressure and temperature through the atmosphere with season and from one day to another, this algorithm was found to produce values of ROD accurate to within ±0.08% at the six sea-level Arctic sites, ±0.30% at the three Antarctic coastal sites, and ±0.70% at the two Antarctic Plateau sites. Although accurate, because background conditions in these regions are so pristine in terms of their turbidity, the values of AOD, derived at visible wavelengths and ranging from as low as 0.002 on the Antarctic Plateau to 0.01 at coastal sites in the Arctic, are still subject to potentially large errors, such as those due to calibration of Sun photometers, which are in general close to 0.01 in the visible. Under these pristine conditions, the relative errors of AOD data due to Rayleigh-scattering optical depth correction range from less than 1% to no more than 2% at the Arctic sites, from less than 1% to 4% at the coastal Antarctic sites, and from 3% to 13% over the Antarctic Plateau. Under more turbid conditions, e.g., when incursions of haze, dust, smoke, sea salt, or volcanic aerosols from low latitudes occur, such errors can be an order of magnitude less. In either case, it is prudent to make the most accurate calculations of Rayleigh scattering when processing polar Sun photometer data to minimize errors, and we propose this methodology to be adopted to achieve this goal.
Appendix A: Surface-Level Measurements of the Yearly Average Volume Concentration of CO 2 at Arctic and Antarctic Sites
[57] In the improved algorithm of Tomasi et al. [2005] used to calculate the spectral values of Rayleigh-scattering optical depth ROD at UV to IR wavelengths, for the Arctic and Antarctic stations listed in Table 1 , the volume concentration C(z) of carbon dioxide was assumed to be equal to 380 ppmv at all sites, in the whole troposphere, stratosphere, and low mesosphere (up to 75 km altitude), according to the 2007 surface-level measurements of this concentration parameter performed by various institutions at the following seven Arctic and five Antarctic stations: (1) Ocean Station ''M'' (Norway), by National Oceanic and Atmospheric Administration (NOAA)/Global Monitoring Division (GMD); (2) Ny-Å lesund/Zeppelin (Norway), by NOAA/GMD; (3) Pallas-Sammaltunturi (Finland), by NOAA/GMD; (4) Teriberka (Russia), by the Main Geophysical Observatory (MGO), St. Petersburg, Russia; (5) Barrow (USA), by NOAA/GMD; (6) Alert (Canada), by NOAA/ GMD and Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia; (7) Summit (Greenland, Denmark), by NOAA/GMD; (8) Palmer (USA), by NOAA/ GMD; (9) Halley Bay (UK), by NOAA/GMD; (10) Syowa (Japan), by NOAA/GMD and NIPR; (11) Mawson (Australia), by CSIRO; and (12) South Pole (USA), by NOAA/ GMD and CSIRO. The yearly and monthly (for January and July only) average values of CO 2 volume concentration C [Scateboe, 1996 [Scateboe, ] 308, 353, 532, 1064 Sodium lidar [Scateboe, 1996] C lidar [Browell, 1991] 308, 353
CREST ( Micropulse Lidar [Mahesh et al., 2005] 523, 527
Fe/Rayleigh lidar [Pan et al., 2002] 386, 772
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